Energy is becoming a big issue in the present world due to the depletion of current fossil fuels and also due to environmental problems such as global warming and rising pollution levels. Hence, highly efficient and renewable energy materials are required to produce clean electricity. The utilization of different energy sources such as solar energy and wind energy is hampered by their fluctuation in time and non-uniform geographical distribution which are still under nascent stage. In this regard, hydrogen-based renewable energy is very promising due to higher chemical energy per mass of hydrogen (142 MJ kg ), zero emission, and its large abundancy on earth. Therefore, electrochemical conversion of hydrogen to electric energy using fuel cells would be the key technology in future. In hydrogen fuel cells, the development of highly efficient electrocatalysts mainly for sluggish cathodic oxygen reduction reaction, with inexpensive and easily available materials, is a major issue. Recent investigations suggest that chemically modified graphene support materials such as nitrogen-doped graphene can generate strong, beneficial catalyst support interactions which considerably enhance the catalyst activity and stability in fuel cells. This chapter describes the fundamental aspects of electrochemical conversion of hydrogen to electric energy using fuel cells. The chapter further explains the role of nitrogen-doped graphene nanomaterials and their hybrids with transition metal and their alloy nanoparticles in fuel cell catalysis.
Introduction
In today's world, the rapid economic progress, increase in the population, and growing human dependence on energy appliances have led to a sharp increase in the global energy production and consumption that mainly originate from the non-renewable fossil fuels. This growing energy requirement imposes the urgency of newer sustainable, renewable, and environment friendly fuels. On this basis, the research and development of renewable energy resources and its conversion are of prime importance. The efficiency of renewable energy conversion devices mainly depend upon the structure and property of the active materials used in these devices. Recent research developments show that nanomaterials, particularly two-dimensional (2D) nanomaterials, such as graphene and its derivatives, can play a significant role in efficiency enhancement and performance of energy conversion and storage devices.
Development of graphene and its analogs
Graphene is a flat single layer of carbon atoms tightly packed into a 2D honeycomb lattice. Graphene can be considered as the fundamental building block of all graphitic materials with different dimensions. Graphene or graphene analogues can be synthesized mainly by bottomup methods and top-down methods.
Bottom-up synthesis methods
One of the bottom-up approaches for the synthesis of single or few layer graphene is the chemical vapor deposition (CVD) method using the catalyst metal surfaces (Cu, Ni, Ir, Ru, etc.) and methane, acetylene, CO 2 , or ethylene as the carbon source in the presence of argon or hydrogen. At high temperatures (~1000°C), pyrolysis of carbon precursor gas is taking place over the catalyst surfaces and single layer or few layer graphene is deposited on metal surfaces depending upon the heating rate, heating temperature, and flow rate of gases. Single-layer graphene with high structural quality were attained by low-pressure CVD of ethylene on a hot Ir(111) surface [1] . Recently, large single-crystalline graphene domains were grown by CVD on Ru(0001) using ethylene [2] . Large-scale graphene films can also be synthesized by CVD on polycrystalline nickel substrates [3] . Epitaxial growth is the other bottom-up strategy whereby a silicon carbide (SiC) substrate is heated to high temperatures (>1100°C) to form graphene [4] . In this method, growing of a single-layer graphene and achieving large graphene domains with uniform thickness remains a challenge. In CVD and epitaxial growth, the dimensions of the formed graphene mainly depend upon the size of the substrate, and at a time, one graphene layer only can be produced. Therefore, these methods are more suitable for microscale applications such as electronic or sensors and not suitable for applications where large amounts of materials are required such as energy related.
Top-down synthesis methods
In the top-down synthesis, methods of graphene consist of different methods such mechanical exfoliation of graphite, graphite intercalation methods, ultrasonic cleavage of graphite, oxidation, and subsequent exfoliation/reduction of graphite.
(i) Mechanical exfoliation: This is the best top-down synthesis method to get defect-free singlelayer graphene, and this method involves the peeling of the layers of graphite using a scotch tape [5] . Different approach for the mechanical exfoliation is based on the concept of anodic bonding. In this method, at a particular temperature and voltage, graphite is sealed to a borosilicate glass and the subsequent peeling procedure gives a single-or few-layer graphene sheet on the substrate [6] . Scalability toward mass production and transfer of graphene sheets from the substrates are the major challenges in the mechanical exfoliations. (ii) Graphite intercalation: In this method, initially atoms or molecules such as alkali metal atoms (Li, Na, K, etc.) or acid (nitric acid, sulfuric acid, etc.) molecules are intercalated between the graphitic layers [7] . That weakens the Van der Waals interactions between the layers of graphite and facilitates the exfoliation or gives expanded graphite (EG) with partial oxidization. Giving a thermal shock at high temperatures (~1000°C) to EG provide graphite nanosheets or graphite nanoplatelets that contain multiple numbers of graphene layers (~10-50 layers).
(iii) Ultrasonic cleavage method: Here, graphite is initially suspended in particular organic solvents or surfactants (N-methyl-2-pyrroldinone,N,N-dimethylformamide, sodium dodecyl benzene sulfonate, etc.) and then gives an ultrasonic agitation to supply the energy to cleave the graphite [8] . The yield of getting single layer graphene at the first stages of this method is very low (~1 wt. %) and it can be increased by repeated sediment recycling. The success of ultrasonic cleavage depends on the right selection of solvents and surfactants as well as the sonication frequency, amplitude, and time.
(iv) Graphite oxide (GO)-reduction and exfoliation: GO can be synthesized by the oxidative treatment of graphite via one of the following methods: Brodie [9] , Staudenmaier [10] , and Hummers [11] . Brodie's method was the addition of potassium chlorate (KClO 3 ) to the slurry of graphite in fuming nitric acid. Staudenmaier improved Brodie's method by adding the chlorate in multiple aliquots over the course of reaction in place of a single addition as Brodie had done. After that, Hummer found out an alternate oxidation method by reacting graphite with a mixture of potassium permanganate (KMnO 4 ) and concentrated sulfuric acid (H 2 SO 4 ) [11] . The basal planes of GO are decorated with epoxide and hydroxyl groups, while edges are anchored with carboxyl and carbonyl groups as shown in Figure 1 . Thus, GO consisting of layered structure of "graphene oxide" sheets with an interlayer spacing of ~0.84 nm. Completely oxidized GO is hydrophilic and an insulator due to the disruption of the sp 2 -bonded carbon network. While partially oxidized GO is a semiconductor.
Chemical modifications of graphene-related nanomaterials
Surface chemical modifications of graphene are necessary for making the composites with metals, polymers, alloys, etc., in relation to different energy applications. Carbon nanomaterials can be chemically modified by different methods such as covalent functionalization, noncovalent functionalization, and substitutional doping. In covalent functionalization, functional groups are attached to the carbon surface by the formation of covalent bond formation. This type of functionalization includes treating with oxidizing agents such as H 2 SO 4 , HNO 3 , KMnO 4 , K 2 Cr 2 O 7 , polyphosphoric acid, and H 2 O 2 that bring about the attachment of different oxygen functional groups such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl (-C=O) over the surface of carbon nanostructures [12, 13] . In graphene-based materials, functionalization via acid treatments leads to the agglomeration of sheets and destruction of its novel properties like high surface area and electrical conductivity [14] . At the same time, non-covalent functionalization does not make any formal chemical bond formation between the foreign molecule and carbon surface, and this includes the attaching of various species of polymers [15] , polynuclear aromatic compounds [16] , surfactants [17] , and biomolecules [18] . The non-covalent interaction is based on Van der Waals forces or π-π stacking interactions. Substitutional doping introduces heteroatoms, such as nitrogen atoms or boron atoms, into the carbon lattice of graphene, and this type of chemical modifications changes the electronic properties of carbon nanostructures. When a nitrogen atom is doped into graphene, it usually has three common bonding configurations within the carbon lattice, including quaternary N (or graphitic N), pyridinic N, and pyrrolic N as shown in Figure 2 [19] . Pyridinic N bonds with two C atoms gives one p electron to the π system of graphene lattice. Pyrrolic N attributes to N atoms that donate two p electrons to the π system and bond with five-membered ring, like in pyrrole. N atoms that substitute for C atoms in the hexagonal ring are quaternary N. In these nitrogen types, pyridinic N and quaternary N are sp 
Electrochemical aspects of fuel cells
The energy and power characteristics of fuel cells follow directly the thermodynamic and kinetic formulations for chemical reactions. The basic thermodynamics for a reversible electrochemical reaction is given by,
Here ΔG is the Gibbs free energy, ΔH is the enthalpy, ΔS is the entropy, and T is the absolute temperature, with TΔS being the heat formed with the reaction. The terms, ΔG, ΔH, and ΔS are state functions and depend only on the identity of the electrode materials and the initial and final states of the reactions. The free energy ΔG represents the net useful energy available from a given reaction, thus, the net available electrical energy from a reaction in an electrochemical cell is given by,
where n is the number of electrons transferred per mol of reactants, F is the Faraday constant (96,400 C mol under standard conditions for the reaction,
The reversible voltage for the hydrogen-oxygen fuel cell according to Eq. (2) is E = 1.23 V.
The change of free energy (ΔG) for a given species "i" defines the chemical potential (µ i ). The chemical potential µ i for species "i" is related to another thermodynamic quantity called chemical activity (a i ) by the defining relation:
where µ i 0 is a constant, which is the value of the chemical potential of species "i" in its standard conditions, R is the gas constant, and T the absolute temperature.
Assume an electrochemical cell in which the activity of species "i" is distinctive in the two electrodes: a i (−) at the negative side and a i (+) at the positive side. The difference between the chemical potentials of positive and negative electrodes can be written as
This chemical potential difference is balanced by the electrostatic energy from Eq. (2), then
where E 0 is the voltage under standard conditions and this relation is called the Nernst equation, which relates the measurable cell voltage to the chemical differences across an electrochemical cell. If the activity of species "i" in one of the electrodes is a standard reference value, the Nernst equation provides the relative electrical potential of the other electrode.
Compared to the open circuit potential at equilibrium state, the voltage drops off when current is drawn from the electrochemical cell because of irreversible losses. If more current is withdrawn from the cell, greater the losses. Figure 4 shows a typical discharge curve of a fuel cell. There are three major types of voltage losses in the discharge curve and that give its characteristic shape. These voltage losses are (i) activation losses due to electrochemical reaction kinetics (η act ), (ii) ohmic losses due to ionic and electronic resistances (η ohmic ), and (iii) concentration losses due to limited mass transport (η conc ). So, by subtracting all voltage losses from the thermodynamically predicted voltage output, the real voltage output of a fuel cell can be written as (7) Figure 4 . Discharge curve of a fuel cell.
Hydrogen fuel cells: working mechanism
Fuel cells can be classified primarily by the kind of electrolyte they employ; all of them work on the same principle. Different types of fuel cells are listed below:
• Polymer electrolyte membrane fuel cells (PEMFC)
• Alkaline fuel cells (AFC)
• Phosphoric acid fuel cells (PAFC)
• Molten carbonate fuel cells (MCFC)
• Solid oxide fuel cells (SOFC)
Among various types of fuel cell technologies, the PEMFC technology has received attention due to its high power density and efficiency (60-80%), relatively low operating temperature (less than 100°C), and the ability to respond quickly to the changing power demands. A schematic diagram of a PEMFC is given in Figure 5(a) . It comprises an anode, a cathode, and a polymer membrane as the proton-conducting media which separate both the electrodes. Hydrogen is supplied at the anode and oxygen is supplied at the cathode. Hydrogen oxidation is taking place at the anode and as a result, H + ions and electrons are produced. The H + ions are conducted through the proton exchange membrane and electrons through the external circuit to the cathode, where oxygen reduction reaction (ORR) is taking place and water and heat energy are produced as by-products. All the electrochemical reactions at the anode and cathode are taking place with the help of a catalyst only. The reactions taking place in PEMFC can be summarized as ( ) 
(SHE stands for standard hydrogen electrode)
The net reaction can be written as ( )
Role of electrocatalysts in hydrogen fuel cells
For a wide-scale commercialization, the PEMFCs should overcome several challenges including two critical barriers, namely cost and durability. At present, platinum (Pt) is the best electrocatalyst in PEMFCs in light of the fact that it is adequately reactive at low temperatures for bonding with hydrogen and oxygen intermediates and catalyzes the electrode reactions to form the final products. Nevertheless, the high cost and insufficiency of Pt limit the practical implementations of PEMFC for static and automobile applications. [21, 22] . This PEMFC performance equals to fivefold reduction in the amount of Pt was used in the early of 2000. At present, the research world is looking for to reduce the Pt-specific power density lesser than that of 0.2 g Pt kW −1 at the cell voltages of ≥0.65 V. According to the US department of energy (DOE), the key target is to reduce the fuel cell cost to $30/kW with 5000 h minimum durability. For reducing the PEMFC cost, the following approaches are implemented such as (i) alloying of Pt catalyst with 3d-transition metals (TM) to enhance the catalytic activity, (ii) maximum utilization of Pt by reducing the particle size and usage of proper catalyst support materials, and (iii) considerable reduction of mass-transport-induced voltage losses at high current densities with proper engineering of electrodes, diffusion media, and flow fields [21] .
In PEMFC, sluggish kinetics of ORR causes a large over-potential at cathode side in low temperatures. Therefore, development of highly active cathode electrocatalysts is essential. Alloying Pt with 3d transition metals (TM), especially Co, Fe, Ni, and Cr, has been demonstrated to increase the ORR activity [23] . In particular, Pt-Co alloys have been found to exhibit enhanced catalytic activity toward the ORR [23] [24] [25] [26] [27] . The modified electronic structure of the Pt-TM alloy composite affects the Pt-Pt bond distance resulting in strong adsorption of the oxygen molecules and weak adsorption of ORR blocking OH − radicals over these alloy catalyst nanoparticles [23, 28] . In addition, it is essential to have a uniform dispersion and control over the size of catalyst particles for high activity [21, 29] . Metal catalyst nanoparticles have a very high tendency to agglomerate due to large metal-metal cohesion energy and which in turn leads to a decrease in the electrochemical surface area (ECSA). To sort out this issue, it is important to search for a right catalyst supporting material that has a high surface area, excellent electronic conductivity, and strong affinity toward catalyst particles, on which a uniform dispersion of Pt NPs can be accomplished. Catalyst supports also take a role in altering the geometry and electronic properties of the catalysts particles during their growth. A highly conductive support can enable effective electron collection and their transfer to the collector electrode. It is required to have a good porosity in support materials for better mass transportation of the fuel and oxidant to the densely scattered triple phase boundaries. Carbon supports in presently using commercial platinum electrocatalysts (Pt/C) have a tendency of electrochemical oxidation during long-time operations in acidic environment, which leads to Pt nanoparticles agglomeration or detachment from the support material leading to the degradation of fuel cell performance [30] .
Graphene-based fuel cell electrocatalysts
Since graphene is a two-dimensional planar sheet with open structure, there is the possibility of both sides of graphene being utilized for supporting the catalyst nanoparticles and which is expected to be a promising catalyst support material in the future. Graphite oxide is commonly used as the starting material for the bulk preparation of graphene-based fuel cell electrocatalysts. The various oxy functional groups over the surface of graphite oxide help for its dissolution in various solvents and serve as the anchors or nucleating centers for the controlled growth of catalyst nanoparticles on it. Different techniques have been reported for the decoration of platinum nanoparticles (Pt NPs) on graphene for fuel cell applications. Jafri et al. have synthesized graphene nanoplatelet-supported Pt NPs by reducing platinum chloride with NaBH 4 on thermally exfoliated graphene nanoplatelets [31] . Pt-graphene was also synthesized by in situ reduction of graphite oxide and platinum chloride using different polyol methods and NaBH 4 methods [32, 33] . In various synthesis methods of Pt-graphene, the dispersed nanoparticles exhibit a wide size range, a non-uniform spatial distribution, and the synthesis method does not provide significant control over the metal loading. This shows that the decoration of Pt NPs on graphene is a challenge in terms of controlling the particle size, distribution, and keeping the inherent properties of graphene such as high surface area and electronic conductivity intact. Therefore, the objectives of devising a synthesis method for Pt-graphene are related to fuel cell applications, which (a) yields high performance, (b) incurs low cost, (c) requires minimum resources, and (d) has optimum-sized catalyst particles (~3-5 nm) dispersed uniformly while preserving the inherent properties of graphene is of prime concern. Different graphene-based hybrid electrocatalyst materials such as graphene/Pt metal, graphene/Pt alloys, graphene/metal oxides, and heteroatom-doped graphene, etc. are effective in maximizing the ORR performance of PEMFC and have been illustrated in Figure 6 .
The early reports of the PEMFC performance using Pt-graphene as ORR catalysts were not competitive with the commercial Pt/Vulcan carbon electrocatalysts. In the early studies, Seger et al. reported a maximum power density value of ~160 mW cm −2 for Pt-graphene electrocatalyst as synthesized by NaBH 4 reduction method [32] . A fuel cell performance of ~350 mA cm −2 at 0.6 V was shown by Si et al. for Pt-graphene cathode electrocatalyst [34] . The main reason for this comparatively lower performance is the decrease in the surface area due to restack-ing of graphene sheets and poor electronic conductivity because of the inappropriate synthesis procedures. [25, 26] .
To overcome the problem of restacking, incorporation of metal nanoparticles and nanotubes was used during the synthesis of graphene itself and these nanoparticles/nanotubes act as the spacers in between the graphene layers, which prevent further agglomeration of the sheets [36, 37] . Further to enhance the electrical conductivity and electrochemical activity of graphene, heteroatom doping (N, B, S, or P) is a very promising method [38] [39] [40] [41] [42] . Table 1 . PEMFC performance of Pt and Pt 3 Co alloy catalysts using nitrogen doped graphene.
The superior PEMFC performance exhibited by Pt 3 Co/nitrogen-doped nano-carbon cathode electrocatalysts (Pt 3 Co/N-G and Pt 3 Co/N-(G-MWNT)) can be viewed from two perspectives as shown in Figure 10 , that is (i) the catalytic activity of Pt 3 Co alloy nanoparticles and (ii) the role played by nitrogen doping in carbon support nanomaterials. ) and at the same time, low adsorption of ORR blocking species such as OH − anions and oxides [21] . For Pt metal surfaces the d-band center is closer to the Fermi level and they firmly adsorb both oxygen and ORR-blocking OH − species and that restricts the availability of free Pt sites for ORR [43] . There is a shift in Pt d-band center from Fermi level and a reduction of Pt-Pt bond distance can be created as a result of the alloying of Pt with transition metals [44] . Despite the fact that more shifts in d-band center from Fermi level makes a less adsorption of OH-species and at the same time the ORR rate is less because of the feeble adsorption of oxygen.
Consequently, the movement in d-band center ought to be ideal in a manner that to balance the solid adsorption of oxygen and weak adsorption by OH − blocking species. The shift in dband center is optimum for Pt 3 TM (TM = Fe, Co, Ni) electrocatalysts in such a way that to give high ORR activity as compared to other Pt-TM alloys or pure Pt [45] . Also the uniform dispersion of catalyst particles with appropriate particle size (~3-5 nm) again enhances the ORR activity of the electrocatalysts.
The formation of an atomic charge density and asymmetry in spin density on nitrogen-doped graphene system encourages the charge exchange from the carbon support to the adsorbing oxygen molecule and results in the creation of an superoxide ion (O 2
•-) [25, 46] . This debilitates the O-O bond and helps for its easy dissociation. In other words nitrogen doping helps for the 4e − transfer reaction rather than 2e − transfer reaction in ORR reaction [38] . Moreover, the doping of nitrogen atoms into the graphene lattice reinforces the bonding between the catalysts nanoparticles and the support that not just aides in a uniform dispersion of catalyst particles on the carbon support additionally prevents their self-agglomeration during long PEMFC operation [47] . In nitrogen-doped (graphene-MWNT) hybrid structures, the nitrogen doping also increases the electrical conductivity of graphene support materials along with highly conductive carbon nanotubes [25] .
Future outlook and challenges
The gathering of many unique properties of graphene-related 2D nanomaterials such as large surface area, excellent conductivity, good mechanical, and chemical stability along with low cost and accessibility for mass production has opened up a new research area in the field of materials science. Chemical modification of graphene-related materials especially by nitrogen doping and incorporation of Pt and Pt alloys can significantly increase the catalytic activity and durability toward oxygen electro-reduction. Even though the following things need to be investigated in depth for future studies such as (a) the exact nature of electrocatalytically active sites facilitating the ORR in N-doped graphene and origin of their catalytic reactivity, (b) design of facile and large-scale synthesis approaches, for N-doped graphene and their hybrids with metals and alloy nanoparticles. With respect to N-doped graphene synthesis, the technique should be capable of the large incorporation of electrochemically active N functional groups to the support. Regarding N-doped graphene hybrids, the method should ensure the precise tuning of the size, morphology and compositions of electrocatalyst particles for getting high ORR catalytic activity and strong bonding between N-doped support and catalyst nanoparticles for long-term durability, and (c) investigation of alloying effect of Pt with 3d transition metals (Co, Fe, Ni, Cu, etc.) supported on N-doped graphene towards ORR by DFT modeling and electrochemical experiments.
